Abstract. Based on the fractal contact theory, the tangential contact stiffness of the plate joint surface is calculated by the performance parameters, the normal load, the tangential force and the fractal parameters of the plate surface. The tangential contact stiffness of the plate joint surface is calculated and its variation regularity is researched by numerical simulation, which is verified through the test. It is found that in the qualitative theoretical model, the fractal contact theory is correct, but the fractal theory has its scope of application, it is suitable for the smaller roughness and the larger normal load. In the experimental aspects, the contents of the research are a good supplement to the contact fractal theory.
Introduction
The distributed rod fastening rotor has the advantages of light weight, high rigidity and easy assembly. However, due to the existence of the contact surface, the continuity of the structure is largely destroyed [1] . Therefore, the contact characteristics of the joint surface are particularly important [2, 3] . The contact surface has the contact stiffness, and the rough surface topography has an important influence on the contact stiffness [4, 5] . As a result, a great deal of theoretical research has been carried out by scholars. First, from the statistical analysis of the plane GW model was proposed by Greenwood and Williamson, Connecticut, USA, then the MB contact model [6] was proposed, which was developed by Majumdai and Bhushan in the course of the study. Specifically, machining surface has a self-affine fractal feature, and the characterization parameters of the rough surface (fractal dimension D and feature length scale parameter G) are scale-independent and do not depend on the resolution of the instrument. Combined with this contact fractal theory, references [7] [8] [9] also studied the contact stiffness of the joint surfaces, and proposed fractal models of the contact surface tangential contact stiffness respectively. These models are always from the theoretical analysis, the theoretical model of the accuracy and scope of use has not been verified.
On the deficiencies of the above research work, the research is focus on the experimental analysis of the contact effect between the plate joint surfaces of rod fastening rotor. At the same time, based on the analysis of the microscopic features of the plate surface, a theoretical model is established based on the method of calculating the fractal parameters in [10, 11] . The simulation analysis and calculation are carried out, and the experimental methods are used to study and verify the calculation results of the tangential contact stiffness of joint surfaces.
Relationship Between Fractal Parameters and PLate Roughness Fractal Parameter Calculation Method
The fractal contact theory can be used to establish the actual contour curve of rough surface, which is approximated by the Weierstrass-Mandelbrot function [12] , which is continuous, non-differentiable and statistical self-similarity everywhere. The fractal dimension D and the fractal roughness parameter G can be calculated by deriving the power spectral density function
It meets the condition:
Where,  is the profile parameter. For the machining surface,  is generally 1.5.  is the spatial frequency, its dimension is m-1. The logarithm of (1) is as follows:
Set,
, Equation (2) can be written as
, it is found that the power spectral density function is a straight line on the logarithmic axis. As shown in figure 1, k and b is respectively the slope of the linear equation and the vertical intercept. According to its relational, the formulas are available.
From the slope and the intercept, the fractal dimension D and the roughness parameter G can be calculated.
The Test Program of Fractal Parameter
Eight test plates group is designed and processed, each group has five plates. Its diameter is 140mm, thickness is 37mm. The material of the plates is 45 steel, quenched and tempered, HB220~250. The design values of the contact surface roughness are: 0.4, 0.8, 1.6, 3.2, 6.3, 12.5, 25 and 50m, respectively. The surface roughness of the plate is measured by the Talysurf CCI Lite ultra-precision three-dimensional topograph made by Taylor-Hobson Company in the United Kingdom, as shown in figure 2 . On each of the upper and lower end faces of the test plate, eight measuring fields is uniformly distributed in the circumferential direction. The measuring length is 20mm. The measuring direction is along the radial direction. When plate roughness is measured, it is found that one of the plate wheel roughness values is very scattered, and difference to the design value, therefore, therefore, the plate data is removed. In the later plate test, this group plate is also not considered, the data of the rest plate test are as shown in table 1.
In the first group, the second group of plate, each of which has a larger roughness value of the plate deviations, in the following stiffness test, not used, therefore, in table 1, not given. After the measured roughness data are analyzed and converted into double logarithmic coordinate system, the power spectrum function of the surface profile curve is obtained. The measured curve is draw, and then the measured value is fitted into the power spectrum function curve, as shown in figure 1.
If each set of experimental data are fitted, the relationship between the fractal dimension and the surface roughness can be obtained by the slope and intercept of the fitting straight line. Then each group fractal dimensions and fractal roughness parameters are drawn in the two-dimensional map, which are a series of discrete points, as shown in figure 3, figure 4 . If these discrete points are approximately fitted with power function, the approximate conversion relation between the fractal dimension and the surface roughness can be obtained. In the formula, the dimension of Ra is m.
If the test data are fitted, an approximate conversion formula can be obtained. The relation between the fractal roughness parameters and the surface roughness is as follows:
Fractal Model of Tangential Contact Stiffness and Its Simulation Tangential Contact Stiffness
Based on the fractal contact theory in [13] , the contact tangential contact stiffness can be calculated as follows: 
Where: al is the largest contact area; ac is critical contact area; H is hardness of the softer material; y is yield strength of the softer material; E is the composite elastic modulus of the two materials; P is the normal load on the joint surface; T is tangential load on the joint surface. G and  are respectively the equivalent shear elastic modulus and the friction coefficient of the two contacting materials on the joint surface. E1, E2, 1, and 2 are the elastic modulus and Poisson's ratio for the two contact materials respectively.
From (7), it is shown that the tangential contact stiffness not only depends on the performance of the wheel surface material, but also varies with the normal load, the tangential load and the contact area. At the same time, it should be pointed out that the tangential contact stiffness existed only, when According to the [13] , the normal force on the rough surface can be expressed as follows. When 1 <D <2, D ≠ 1.5, the contact load is:
When D = 1.5, the contact load is:
In this way, according to (7)~(9), the complex nonlinear relationships between the tangential contact stiffness of the joint surface and the normal force acting on the joint surface, the tangential force, the performance parameters of the rough surface material (such as hardness, yield strength, equivalent elastic modulus, equivalent shear elastic modulus, etc.), the fractal parameters, the fractal roughness parameters, are established. Furthermore, the fractal model of the tangential contact stiffness of the joint is also established. If the tangential force and the maximum contact area is determined, the tangential contact stiffness and the normal load of the rod rotor can be calculated through (7)~(9), and then the relationship of the tangential contact stiffness, tangential load and rotor normal load is established.
According to the formula of the critical contact area, when the surface roughness is determined, the critical contact area is also a fixed value. When the normal load of the rod fastening rotor is smaller, the maximum contact area is smaller than the critical contact area, and the tangential contact stiffness is negative; Also, when the surface roughness is larger, the maximum contact area is smaller, and the critical contact area is larger, the tangential contact stiffness may be negative. Therefore, the contact fractal theory is only suitable for the case of small surface roughness, large load in the rotor normal direction.
Simulation and Analysis
The plate material properties and parameters shown in table 2. From (7), it is shown that the tangential contact stiffness is related to the normal load, the tangential load and the contact surface roughness of the plate. In order to compare the effect of the surface roughness and the normal load on the calculated values and the experimental values of the tangential contact stiffness, the plates with the surface roughness 0.34 and 0.92 are selected. The normal load is 30, 40, 50, 75, 100, 125kN. The tangential force is 1, 3, 5, 7, 9, 11kN. The simulation results are shown in figure 5 and figure 6 . Because the calculated value of the tangential contact stiffness with the normal load of less than 50kN is negative when the surface roughness is 0.92, the calculated results shown in figure 6 are the minimum required load with a normal load of 50kN.
From figure 5 and figure 6 , it is shown that, when the normal load of the rod fastening rotor increases, the tangential contact stiffness of the joint also increases. Because the normal load of the rod fastening rotor increases, the actual shear area of the joint surface will increase, so that the tangential contact stiffness increases. The tangential contact stiffness of the joint surface decreases with the increase of the ratio of the tangential load to the normal load between the joint surfaces. That is, when the normal load is constant, the tangential contact stiffness of the joint surface decreases with the increase of the tangential load between the joint surfaces. In figure 5 , when the tangential load is gradually increased to 11kN, slippage phenomenon occurs between the contact surfaces of plates, which results in an increasing tendency of the tangential contact stiffness different from smaller tangential load tangential stiffness. Figure 7 is a tangential stiffness tester for the joint surface of plates. It includes a universal testing machine, a rod fastening rotor, calibration sleeve and two digital dial indicators. The plates of the rotor are pressed and assembled together by a tie rod, and there are eight tie rods distributed at a certain radius in the circumferential direction of the plates. The size and the structure of the calibration sleeve are the same as the plates, and the only difference is that there is no contact surface for the overall structure. The top of the universal testing machine is provided with an on-press head. Two digital dial indicators are installed on the two sides of the upper press head, which are located on the cylinder surface of the second and fourth plate.
Experimental Study on Tangential Contact Stiffness Test Device and Process
A movable beam is arranged on the base of the machine, two V-shaped blocks are arranged on the beam at intervals. The rotor is horizontally arranged on two V-shaped blocks and is directly below the upper pressure head, as shown in figure 7 . The rotor or calibration sleeve is pressurized by the universal testing machine until the slip phenomenon appears between the plates. The number of two digital display indicators is read and recorded. A typical loading curve is shown in figure 8 . Each curve represents a loading process. The vertical axis indicates the deformation measured by the digital dial indicators when the rotor is tangentially loaded. 
Data Processing
When the rod fastening rotor is tangential loaded, supposing the plate deformation measured by two digital dial indicators is a1 and a2.
When the calibration sleeve is loaded in tangential direction, supposing the tangential deformation of the calibration sleeve measured by the two digital dial indicators is b1 and b2.
It should be noted that the calibration sleeve is pressurized in order to eliminate plate selfdeformation, table deformation, the contact deformation between the plate and the V-shaped block, the contact deformation between V-shaped block and the table, the transmission system deformation of the universal testing machine and other factors.
When the tangential contact stiffness of the joint surface of the rod fastening rotor is calculated, the following steps are included.
(a) The tangential deformation between the joint surfaces of the rod fastening rotor is calculated.
The relationship between the tangential load on the contact surface and the tangential deformation on the joint surface is drawn. The power relations are fitted by the least square method. Here, the power relations are only given, when the roughness is 0.34μm. Figure 9 and figure 10 show the variation of the tangential contact stiffness of the joint surface with the normal load of the rod fastening rotor when the roughness is 0.34 and 0.92m respectively. Because the tangential load is more than once, the tangential stiffness is only shown in figure 9 and figure 10 when the total tangential load is 10kN. The experimental tangential stiffness in the figure is in agreement with the theoretical model stiffness, but there is a larger error. From the comparison between theoretical and experimental stiffness, it is found that, when the surface roughness is constant, the normal load of the rod fastening rotor increases, the theoretical stiffness and test stiffness become larger. Since the tangential contact stiffness of the joint surface is the function of the normal load acting on the joint surface, if the normal load between the joint surfaces increase, the tangential stiffness of the plates also increase. The contact stiffness of the theoretical and experimental results decreases when the surface roughness increases. 
Conclusion
The fractal contact theory can be used to study the tangential contact stiffness of the rough contact surface. However, the application range is limited and there is some error with the experimental data.
If the normal loads between the contact surfaces increase, the tangential contact stiffness of the plate also increases.
The tangential contact stiffness decreases when the surface roughness increases.
